The purpose of the study was to evaluate the efficiency of mass transfer during vacuum impregnation (VI) of apple tissue by different process conditions. VI was carried out in two stages: Vacuum (4, 6, or 8 kPa maintained at time 10, 20, 30, 40, 60, and 80 s) and atmospheric (4 min under atmospheric pressure). As infiltration liquids, fresh squeezed apple-pear juice (J), 3% citric acid solution (C), and distilled water (DW) were used. Mass transfer was analyzed based on three factors: Mass variation (MV), dry mass variation (DMV), and solid gain (SG). The outflow of native components and inflow of infiltration liquid has been described by mathematical models. The polyphenol content and antioxidant capacity (ABTS + , FRAP) were evaluated as the bioactive potential factors confirming native component outflow and incorporation of liquid molecules into an apple tissue. It was found that during VI of an apple tissue, intensive mass transfer occurred: Native components of fruit tissue outflowed and external ingredients of impregnation liquid inflowed into the material with the intensity proportional to the vacuum level and process time. The most beneficial conditions of apple cube VI were noticed at a vacuum level of 4 kPa for a minimum of 40 s, which is when the highest polyphenol content and antioxidant capacity occurred.
Introduction
Osmotic dehydration occurs in hypertonic solutions of high osmotic pressure and water activity and is based on the simultaneous two-way diffusion phenomenon: Outflow of tissue water to the solution and inflow of the solution to the tissue [1] . However, while the osmotic dehydration of foodstuffs is one of the simplest and most inexpensive methods of modifying food properties, it seems to be a relatively inefficient and time-consuming process [2] . Due to the fact that the osmotic pressure-as the only driving force for mass transfer-does not provide high processing rates, a number of innovations (vacuum and/or ultrasound treatments) have been studied to improve process efficiency [3] .
Vacuum impregnation (VI) is a variation of osmotic dehydration but is carried out in a vacuum, after initial removal of the intercellular air (with some native liquids) from the processed tissue due to the pressure changes [4] [5] [6] . The emptied intercellular spaces and pores can be easily filled with an impregnation liquid, with the intensity related to the porosity of plant tissue and process conditions: The vacuum level, the time of treatment, and the osmotic pressure. Moreover, the impregnation liquid does not have to be as highly concentrated as during osmotic dehydration, which can be crucial in creating healthy low sugar and low salt foods. VI led to the obtainment of new products of high quality and unique, very beneficial properties, because the active compounds have particular roles in human health (probiotics, vitamins, antioxidants, antimicrobials, or other bioactive compounds), and can be incorporated into the fruit or vegetable during an intensive mass transfer under controlled, non-destructive conditions [7] [8] [9] [10] [11] . Low temperature and relatively short time of treatment by VI limits the unfavorable changes in cell structure, color, smell, and taste of food [12, 13] . The application of a vacuum at the beginning of osmotic dehydration also increases the water loss and the uptake of osmotic solutes [5, 6, 14] . For that reason, VI is recommended as the energy-saving pre-treatment before the drying, freezing, or frying of different fruits and vegetables [15, 16] . Energy saving effects can be achieved by removing the intercellular water without providing heat, while further water removal during the dehydration process requires less energy than in non-impregnated materials [17] .
Control of the VI process requires knowledge of the correlation between the material being treated and the process conditions: the type and temperature of the osmotic solution, the vacuum, the duration of the process, the shape of the sample, and the uniformity of contact of the osmotic solution with the sample [7, 18] . Therefore, the objective of this work was to study the mass transfer efficiency during vacuum impregnation of apple cubes by different process conditions. The aim was to develop a procedure to obtain a fruit product enriched with natural apple-pear juice and an antibrowning agent-the citric acid solution.
Results and Discussion

Mass Variation (MV)
Values of indicators describing mass variation (MV) (Equation (2)) in specific phases of the vacuum impregnation process are presented in Table 1 . Depending on process conditions, the sample mass after impregnation differed significantly from raw material mass. If no mass exchange occurred during the impregnation, samples before and after the process would theoretically have an identical mass. However, in reality they differed significantly. For all impregnating liquids and all vacuum levels, the sample mass increased at each phase of impregnation, starting from the first measurement taken 10 s after the process began. This means that empty intercellular spaces were immediately filled with the infiltration liquid, and that during the process, more ingredients (in terms of mass) of the impregnating solution were taken into the raw material than were removed. Statistical analysis of the influence of impregnation time duration on sample mass value showed that for the majority of test variants, sample mass stabilized as early as 20 s into the process, and longer impregnation did not cause further significant changes. Other researchers have claimed that stabilization of the vacuum impregnation process was achieved after about 50 s [19] or even 100 s [20] .
Impregnation kinetics depend very strongly on the type of raw material undergoing impregnation; in the case of impregnation of potatoes with a 10% solution of citric acid, an increase of citric acid content was registered only after 1 h of impregnation [10] . During impregnation of apples with apple-pear juice, sample mass increased from between 0.9 to 4.6% as compared to raw material mass. Increasing the vacuum pressure level in the impregnator chamber caused an increase of impregnated sample mass. The impregnation conducted using citric acid solution resulted in samples with masses from 8.7% to 30% greater than raw material mass depending on the vacuum pressure level. Similar levels of mass increase during vacuum impregnation were achieved by Derossi et al. [21] , impregnating black pepper flakes in lactic acid solution, and by Schulze et al. [22] , impregnating apples in solutions based on concentrated apple juice. The mass of apple cubes that underwent impregnation with distilled water was higher than the mass of samples impregnated with 3% citric acid solution but lower than the mass of samples impregnated with apple-pear juice.
In the case of 3% citric acid solution and apple-pear juice used as impregnates, a statistically significant influence on the sample mass was noted. The higher the vacuum pressure in the impregnator chamber was, the higher the mass of the samples after the process. Similar dependency was not determined during impregnation of apples with distilled water. It seems, therefore, that the osmotic gradient effect had the biggest influence on sample mass after impregnation.
Dry Mass Variation (DMV)
Testing the vacuum impregnation of apples using distilled water as the impregnating solution was intended to determine the influence of the impregnation mechanism on dry mass content variation. The results were not as positive as we expected after MV analysis ( Table 2 ). Research has shown that impregnating high density solutions limits the possibility of penetration of apple parenchyma tissue by the solutions' ingredients. Only for impregnation conducted using apple-pear juice was dry mass content in the material higher after impregnation than in the raw material. Statistically significant differences in dry mass content during specific impregnation phases for products obtained using various impregnating solutions showed an intense saturation of the apple structure with soluble ingredients of apple-pear juice or citric acid, respectively.
The small influence of vacuum pressure level in the impregnator chamber on dry mass content in the product was noted. Generally, dry mass increase in apples impregnated in higher pressure conditions can be observed. However, the differences are, in numerous cases, statistically insignificant.
There is significant influence on the internal structure of the product [9,20] with shortening of time for possible further processing (drying). Such distinct differences between results obtained for a variety of impregnating solutions are probably a consequence of large differences in the density of the liquids used [23] . Intense effluence of valuable cell ingredients from the tissue structure during vacuum impregnation is a side-effect that should be avoided by using as mild impregnation conditions as possible or by prolonging the phase of maintaining the material in the impregnates after retaining atmospheric pressure.
Solid Gain Changes (SG)
In order to describe precisely the phenomenon of the mass transfer in apples vacuum impregnated with three impregnating liquids at various levels of vacuum, solid gain (SG) changes were analyzed using mathematical models frequently recommended for osmotic dehydration: Peleg's model (Equation (5)), Kelvin-Voigt model (Equation (6)), and Burger's model (Equation (7)).
VI with Citric Acid Solution
It was noticed that of the three tested mathematical models, the best fitting the VI of apple cubes with citric acid solution was the Kelvin-Voigt model (Table 3) . Table 3 . Model coefficients and statistical factors in mathematical models fitting the experimental data of solid gain (SG) changes during VI of apples at varied vacuum pressures of 4, 6, and 8 kPa using citric acid solution as the impregnating liquid.
Mathematical
Model Impregnation with citric acid solution occurred most intensely during the first 30 s of VI, while from the beginning of the impregnation, samples had a greater mass than the raw material ( Figure 1 ). The influence of vacuum level on the mass transfer was noticeable in the form of an increase of SG, the smallest by 4 kPa and the largest by 8 kPa pressure. After 40 s of VI, SG changes stabilized. Impregnation with citric acid solution occurred most intensely during the first 30 s of VI, while from the beginning of the impregnation, samples had a greater mass than the raw material ( Figure  1 ). The influence of vacuum level on the mass transfer was noticeable in the form of an increase of SG, the smallest by 4 kPa and the largest by 8 kPa pressure. After 40 s of VI, SG changes stabilized. 
VI with Apple-Pear Juice
The best fitting mathematical model of the VI of apple cubes with apple-pear juice was also the Kelvin-Voigt model (Table 4 ). 
The best fitting mathematical model of the VI of apple cubes with apple-pear juice was also the Kelvin-Voigt model (Table 4 ). In the case of apple-pear juice as impregnate, an SG coefficient increase was noted during the process, but SG achieved significantly lower values than in case of citric acid solution and the influence of pressure was not as clear. The smallest SG increase occurred during VI at a vacuum pressure of 4 kPa, whereas during the first 30 s of impregnation, the vacuum of 6 kPa was more effective than 8 kPa. After 60 s of the VI process, SG stabilized.
VI with Distilled Water
While all tested mass transfer parameters indicated intensive mass transport during VI of apple issued with citric acid solution and juice, only VI with distilled water showed precisely the real native ingredient outflow. It was noticed that the three tested mathematical models recommended frequently for osmotic dehydration (Equations (5)- (7)) did not satisfactorily fit the data of apples VI with distilled water (Table 5) ; therefore, another mathematical model, generated by the Table Curve 2D v. 5.01 program was proposed (Equation (1)). In the case of apple-pear juice as impregnate, an SG coefficient increase was noted during the process, but SG achieved significantly lower values than in case of citric acid solution and the influence of pressure was not as clear. The smallest SG increase occurred during VI at a vacuum pressure of 4 kPa, whereas during the first 30 s of impregnation, the vacuum of 6 kPa was more effective than 8 kPa. After 60 s of the VI process, SG stabilized.
While all tested mass transfer parameters indicated intensive mass transport during VI of apple issued with citric acid solution and juice, only VI with distilled water showed precisely the real native ingredient outflow. It was noticed that the three tested mathematical models recommended frequently for osmotic dehydration (Equations (5)- (7)) did not satisfactorily fit the data of apples VI with distilled water (Table 5) ; therefore, another mathematical model, generated by the Table Curve 2D v. 5.01 program was proposed (Equation (1)). During impregnation of apples with distilled water, negative SG values were noted after 30 s in the case of vacuums 4 and 6 kPa, and after 20 s of process in the case of vacuum 8 kPa. The analysis proved the intense effluence of apple tissue ingredients, increasing proportionally with the vacuum pressure level and duration (Figure 3 ). After 40 s of impregnation with DW, SG stabilization was achieved. 
Polyphenol Content and Antioxidant Activity
A negative influence on polyphenol content in apple tissue of increasing the level of vacuum pressure during impregnation was noted. In the case of all three impregnating liquids, the lowest polyphenols loss was noted in samples impregnated at a pressure of 4 kPa, and the highest at a pressure of 8 kPa (Figure 4 ). During impregnation with citric acid solution and distilled water, polyphenol content decreased in time, proving a gradual efflux of polyphenols from apple tissue. This efflux of polyphenols was much more intensive when DW was used, because of a bigger difference in osmotic pressure. When apple-pear juice was used as the impregnating liquid, an increase of polyphenol content with time was noted, meaning that polyphenols lost from the apple cubes were replaced with polyphenols from the apple-pear juice. Antioxidant activity in apples impregnated with all three liquids depended on the vacuum pressure level and impregnation time. The highest antioxidant activity was measured for samples impregnated at 4 kPa pressure, both using the ABTS + method and the FRAP method ( Figures 5 and  6 ). 
A negative influence on polyphenol content in apple tissue of increasing the level of vacuum pressure during impregnation was noted. In the case of all three impregnating liquids, the lowest polyphenols loss was noted in samples impregnated at a pressure of 4 kPa, and the highest at a pressure of 8 kPa (Figure 4 ). During impregnation with citric acid solution and distilled water, polyphenol content decreased in time, proving a gradual efflux of polyphenols from apple tissue. This efflux of polyphenols was much more intensive when DW was used, because of a bigger difference in osmotic pressure. When apple-pear juice was used as the impregnating liquid, an increase of polyphenol content with time was noted, meaning that polyphenols lost from the apple cubes were replaced with polyphenols from the apple-pear juice. 
A negative influence on polyphenol content in apple tissue of increasing the level of vacuum pressure during impregnation was noted. In the case of all three impregnating liquids, the lowest polyphenols loss was noted in samples impregnated at a pressure of 4 kPa, and the highest at a pressure of 8 kPa (Figure 4 ). During impregnation with citric acid solution and distilled water, polyphenol content decreased in time, proving a gradual efflux of polyphenols from apple tissue. This efflux of polyphenols was much more intensive when DW was used, because of a bigger difference in osmotic pressure. When apple-pear juice was used as the impregnating liquid, an increase of polyphenol content with time was noted, meaning that polyphenols lost from the apple cubes were replaced with polyphenols from the apple-pear juice. Antioxidant activity in apples impregnated with all three liquids depended on the vacuum pressure level and impregnation time. The highest antioxidant activity was measured for samples impregnated at 4 kPa pressure, both using the ABTS + method and the FRAP method ( Figures 5 and  6 ). Antioxidant activity in apples impregnated with all three liquids depended on the vacuum pressure level and impregnation time. The highest antioxidant activity was measured for samples impregnated at 4 kPa pressure, both using the ABTS + method and the FRAP method ( Figures 5 and 6 ). In the case of distilled water and citric acid solution used as impregnates, the antioxidant activity measured with the ABTS + method was lower at 6 kPa pressure than at 8 kPa pressure, with the exception of the initial phase of impregnation with citric acid solution (10 s). The ABTS + antioxidant activity of apples impregnated with apple-pear juice decreased with vacuum pressure level decrease. Only impregnation with apple juice at 4 kPa vacuum pressure enabled increase of antioxidant activity as compared to the raw material.
Influence of vacuum pressure level on antioxidant activity was also noted using the FRAP method ( Figure 6 ). Using 4 kPa pressure allowed high antioxidant activity of impregnated samples to be maintained even in the case of distilled water, when effluence of bioactive ingredients from apples was highest. In the case of other impregnates, influence of pressure on FRAP activity was not as clear. The highest FRAP value was noted for the sample impregnated in citric acid solution at 4 kPa vacuum pressure for 80 s. Impregnation time increased FRAP antioxidant activity above the value determined for raw material from the 40th s in the case of apple-pear juice, and from the 20th s in the case of citric acid solution. This phenomenon confirms the correct progression of impregnation and the effect of building impregnate ingredients into plant tissue. In the case of distilled water and citric acid solution used as impregnates, the antioxidant activity measured with the ABTS + method was lower at 6 kPa pressure than at 8 kPa pressure, with the exception of the initial phase of impregnation with citric acid solution (10 s). The ABTS + antioxidant activity of apples impregnated with apple-pear juice decreased with vacuum pressure level decrease. Only impregnation with apple juice at 4 kPa vacuum pressure enabled increase of antioxidant activity as compared to the raw material.
Materials and Methods
Influence of vacuum pressure level on antioxidant activity was also noted using the FRAP method ( Figure 6 ). Using 4 kPa pressure allowed high antioxidant activity of impregnated samples to be maintained even in the case of distilled water, when effluence of bioactive ingredients from apples was highest. In the case of other impregnates, influence of pressure on FRAP activity was not as clear. The highest FRAP value was noted for the sample impregnated in citric acid solution at 4 kPa vacuum pressure for 80 s. Impregnation time increased FRAP antioxidant activity above the value determined for raw material from the 40th second in the case of apple-pear juice, and from the 20th second in the case of citric acid solution. This phenomenon confirms the correct progression of impregnation and the effect of building impregnate ingredients into plant tissue.
Apple Preparation
Fresh apples of the Ligol variety, with an initial moisture content of 87.3%, were purchased from a local fruit market (trading products from Lower Silesia, Poland) and stored at 4 ± 0.2 • C prior to experiments. Apples, selected and equilibrated at room temperature, were washed, drained with tissue-paper, and cut into cubes of size 10 ± 0.1 mm out of the inner part of the parenchyma.
Impregnation Liquids
Three infiltration liquids were used in the experiment: Fresh squeezed apple-pear juice (J) of 13.2 • Bx, obtained from 10 ± 0.1 kg of apples (Ligol variety) and 5 ± 0.1 kg of pears (Conference variety) using a juicer (AE 3532 CTC Clatronic, Warsaw, Poland); 3% citric acid solution (C) of 2.4 • Bx (Applichem GmbH, Darmstadt, Germany); and distilled water (DW) as reference. The refractive index was measured using an Atago Digital Brix Refractometer PAL-3 (Atago Co., Ltd., Tokyo, Japan).
Vacuum Impregnation
Vacuum impregnation on an experimental stage VI-2016-MSP (patent pending) was carried out at the Institute of Agricultural Engineering, Wrocław University of Environmental and Life Sciences (Wrocław, Poland), using a vacuum vessel of volume 5.0 dm 3 combined with a vacuum pump [24] . Samples of 150 g of apple cubes were put into the impregnation vessel and when a vacuum pressure of 4, 6, or 8 kPa was reached (10 s), the impregnation solution was applied under vacuum for 10, 20, 30, 40, 60, or 80 s. The mass ratio of apples to solution was 1:4 [25, 26] . The atmospheric pressure was restored (10 s) leaving samples immersed in the liquids for a period of 4 min. The samples were then drained with tissue-paper, weighed, and analyzed. Each treatment was performed in triplicate.
Mass Transfer Phenomenon
The mass transfer phenomenon was analyzed on the basis of mass and dry matter content measurements, after calculating mass variation (MV), dry mass variation (DMV), and solid gain (SG) as follows:
The dry matter content was determined gravimetrically by drying the sample in a vacuum oven at 70 • C until a constant weight was achieved [27] .
Solid gain SG (Equation (4)) was presented as g·g −1 of fresh material, and the data were analyzed using three mathematical models commonly used for describing mass transfer during osmotic dehydration [28] : The Peleg (Equation (5)), the Kelvin-Voigt (Equation (6)) or the Burger model (Equation (7)), according the formulas:
Chemical Characteristics
The fresh and impregnated apples were analyzed according to total polyphenols and antioxidant capacity as well.
Polyphenols were evaluated by the Folin-Ciocalteu method, in which gallic acid is utilized. The sample absorbance was measured at a wavelength of 765 nm (Shimadzu UV-2401 PC spectrophotometer, Osaka, Japan). The result was expressed as a content of gallic acid (mg gallic acid/100 g dry matter) [29] .
The antioxidant capacity was tested using the ABTS + [30] and FRAP methods [31] . ABTS + solution was diluted with redistilled water until it reached 0.700 absorbance at a wavelength of 743 nm (Shimadzu UV-2401 PC spectrophotometer, Osaka, Japan), and 60 µL of supernatant solution was then added to 3 mL of ABTS + . The absorbance was measured after 6 min.
The reducing potential of apples was determined using the ferric reducing antioxidant power (FRAP) assay. The supernatant (0.3 mL) and FRAP reagent (3 mL) were added to each of them and mixed thoroughly. Trolox was used as a standard. Absorbance was measured at 593 nm (Shimadzu UV-2401 PC spectrophotometer, Osaka, Japan) after 10 min.
Measurements of polyphenols and antioxidant capacity were performed in triplicate.
Statistical Analysis
A one-way ANOVA was performed at the significance level p < 0.05, and Tukey's test was used for multiple comparison. Significant differences (p ≤ 0.05) between the mean values of chemical characteristics were determined by Tukey's multiple range test. The data were recorded as means ± SD (standard deviation), and analyzed using Excel 2007.
Fitting of the mathematical functions (Peleg, Kelvin-Voigt, and Burger) to the experimental points was done using Table Curve 2D v. 5.01 (SYSTAT Software Inc., Chicago, IL, USA).
The degree of adaptation of the mathematical model to the mass transfer was based on the simultaneous analysis of the determined values of: Root mean square error (RMSE), reduced test value (χ 2 ), residual variance coefficient (CRV), and the determination coefficient (R 2 ). These factors were calculated based on the following formulas:
The high value of R 2 and the low values of χ 2 and RMSE indicated good fitting of the model to the experimental data. The values of CRV of less than 20% indicated that the model can be used for process predictions.
Conclusions
During the vacuum impregnation of apples, intense mass exchange between raw material tissue and the impregnating solution was noted. Particularly surprising was the intense effluence of soluble ingredients of raw material dry mass, confirmed during impregnation with distilled water, as a decrease of solid gain, polyphenol content, and antioxidant activity. The vacuum pressure level in the impregnator chamber, together with the type of impregnating solution significantly influenced all examined parameters describing the kinetics of vacuum impregnation of apples and content of compounds deciding material bioactivity. The mass transfer intensity increased proportionally to the vacuum level, which seems to be beneficial in the context of bioactive component incorporation possibilities, but negative in the context of native apple ingredient effluence. VI carried out with low concentrations of citric acid solution caused more intensive outflow of inert liquids than VI with apple-pear juice, which resulted in dehydration of the material (a positive effect when carried out as pretreatment before drying), but also in a decrease in bioactive apple potential (a negative effect).
Due to the possibility of obtaining impregnated apple cubes with a relatively high native ingredient content, the most beneficial vacuum level is 4 kPa with a minimum process time of 40 s. Parameters of SG model (Equations (1),(5)- (7)) (kg/kg) Υ
Mean of experimental value of SG (Equations (5)- (7) 
